We explore signatures of large extra dimensions with a polarized electron/positrn beam at the Joint Linear Collider (JLC). We point out that spin informations can be useful to study indirect signals for large extra dimensions due to spin-2 nature of Kaluza-Klein gravitons. The spin configurations of the top quark pair production at e + e − and γγ collisions provide an unique testing ground to search for effects of the large extra dimensions. Especially we show the forward-backward asymmetry is a good probe at e + e − → tt process and we can define a new asymmetry observable effective for γγ → tt process.
Introduction
Recently Arkani-Hamed, Dimopoulos, and Dvali (ADD) [1] have suggested a model where the size of extra dimensions could be large enough to be detectable if we confine the matter fields to our 4-dimensional world. According to this idea, the weakness of the gravity in our world originates in the suppression arising from the large volume of extra dimensions since graviton still propagates freely in the whole (4 + N )-dimensional spacetime. Considering the macroscopic Gauss' law for the Newtonian gravity, the 4-dimensional Planck scale is simply related to the fundamental scale of nature, called M S , of which the value is comparable to the electroweak scale via the volume factor as
where R is the typical size of an extra dimension. Thus the hierarchy of the Planck scale M P l and the electroweak scale M W is reduced to the revelation of the effects of the large extra dimensions in the ADD scinario. The N = 1 case is excluded by this simple relation because the corresponding size of the extra dimension is of order 10 13 cm when M S is at a few TeV order. The N = 2 case implies mm scale extra dimensions and is very interesting in the view of macroscopic gravity because it is not excluded by the current measurement of gravitational force yet [2] . However this case suffers from the strict constraint from astrophysical arguements [3] . No other serious constraints exists up to now for the cases of N > 2. The detectibility at high energy colliders is one of the most attractive aspects of the large extra dimension idea. When the momentum of gravitons involved in the process does not exceed M S , the spacetime can be approximately described by the linear expansion around the flat metric and we can derive an effective action in the 4-dimensional spacetime by compactifying the extra dimensions, which leads to corresponding Feynman rules [4, 5] . The Kaluza-Klein (KK) reduction from the whole (4 + N )-dimension to our 4-dimension yields the 4-dimensional effective theory involving towers of massive KK states with cutoff at the string scale M S . Each KK state interacts with the ordinary matter fields with the couplings suppressed by the Planck scale. However, the production of a single graviton is enhanced by the kinematic factor and has been studied as a source of the missing energy in various processes [5, 6] . The indirect effects of massive graviton exchange are enhanced by the sum of the tower of the KK states and provide various signals in the collider phenomenologies [7] [8] [9] [10] [11] [12] [13] [14] [15] . In particular the spin-two nature of the gravitons will result in the characteristic effects on the polarization observables [8] [9] [10] .
In this work, we explore effects of large extra dimension on the spin configuration in tt production. In section II, We suggest that the spin configuration of top quark pair provide a promising signature to prove large extra dimensions in the top quark pair production of e + e − collisions at the proposed Joint Linear Collider (JLC). Further study at the γγ collider is performed in section III. We summarize our results and conclude in section IV.
2 Spin configuration of the top quark pair at e + e
− colliders
The produced top quark pair at the polarized e + e − collider is known to be in a unique spin configuration [16] . Since the lifetime of the top quark is too short to constitute hadrons, information of the top polarization, which is not lost through hadronization, can be read out through the angular distribution of the decay products [17] . The neutral current nature of the graviton interactions leaves the electroweak decay of top quark intact, implying that the Standard Model (SM) prediction of the angular correlations between the decay products and the spin orientation of each top quark is still valid. Therefore the spin configuration of the top quark pair can be a good probe of the effects of KK gravitons at the top quark pair production process [8] .
For the process
the scattering amplitude of the s-channel Feynman diagram mediated by the spin two gravitons summed over the KK tower can be written by
where the order one parameter λ is assumed to include the detailed structure of quantum gravity such as the number of extra dimensions and the compactification models. Hereafter λ = ±1 cases are to be considered, which are sufficient for an estimation of the scale M S . It is to be noted that the amplitude in Eq. (3) as well as the SM amplitudes at the tree level are CP invariant. In order to analyze the spin configuration of the top quark pair, let us briefly review a generic spin basis discussed in Ref. [16] . We define the spin states of the top quark and top anti-quark in their own rest frame by decomposing their spins along the reference axesη andη, respectively. The CP invariance, which is valid at the tree level even with the large extra dimension effects, does not allow the T odd quantity, i.e., σ t · ( k 1 | (t−rest) × p 2 | (t−rest) ) where the σ t is the spin of the top quark, and k 1 | t−rest and p 2 | t−rest are the momenta of the electron and the top anti-quark in the rest frame of the top [16, 18] . Thus the top and anti-top spins are to lie in the production plane. The spin four-vectors of the top quark pair are chosen to be back-toback in the zero momentum frame. Theη is expressed in terms of an angle ξ betweenη and the top anti-quark momentum in the rest frame of the top quark. The familiar helicity basis is obtained by taking ξ = π.
In this general spin basis the differential cross sections of the e + e − → tt process with the large extra dimension effects are [8] 
where t ↑ (t ↓ ) denotes the top spin along (against) theη, N c is the number of color, α is the fine structure constant, β = 1 − 4m 2 t /s and
The large extra dimension effects are altogether included in the quantity f G defined by 
and θ is the scattering angle of the top quark with respect to the electron beam. The electric charges and couplings to the Z boson of the electron and the top quark are given by
There exist the angles ξ L and ξ R such that the differential cross sections for the t ↑t↑ and t ↓t↓ , i.e., like-spin states vanish for the left-and right-handed electron beam, respectively. It is called the "off-diagonal basis", of which the name originated in this feature [16] . In the SM, the angles ξ L,R are taken to be cos
where I = L, R, A I =Ã I | f G =0 , and B I =B I | f G =0 . There are two characteristic features of the SM predictions in the off-diagonal basis. First, the differential cross sections for the like-spin states of the top quark pair vanish or we have chosen the spin configuration in that way. Second, the process for t ↑t↓ (t ↓t↑ ) is dominant when the left-handed (right-handed) electron beam is used. At high energy, the degree of this dominance is close to 100 % [19] . This pure dominance of the up-down state for the left-handed electron beam and the down-up state for the right-handed one is fairly stable by the one-loop QCD corrections where the soft gluon emissions are dominant so that the QCD corrections are factored out. The TeV scale quantum gravity modifies these two features. First, the differential cross sections of the like-spin states acquire contributions from quantum gravity. Secondly the presence of f G in the differential cross sections of the up-down and down-up states pollutes their pure dominance. However the latter has two sides, being weakened and strengthened dependent upon the sign of λ.
In Fig. 1 we plot the differential cross sections with respect to the top quark scattering angle, broken down to the spin configuration of the top quark pair at √ s = 500 GeV with the left-handed electron beam. We investigate that the like-spin states, which are zero in the tree level SM, gain sizable contributions. We observe that the angular distribution of the cross sections provides valuable information on the nature of the interactions between gravitons and fermions. According to the sign of the λ, the quantum gravity corrections act in a different way. In the dominant processes (the up-down spin state with the left-handed electron beam and the down-up spin state with the right-handed one), the virtual graviton exchanges cause destructive (constructive) interference with the SM diagrams to the backward direction when λ = +1 (λ = −1). To the forward direction, on the contrary, constructive (destructive) interference occurs when λ = +1 (λ = −1). In the next dominant processes (the down-up spin state with e − L and the up-down one with e − R ), large quantum corrections with λ = +1 to the backward direction are reduced and dispersed. Therefore we suggest that the forward-backward asymmetry A F B be very effective to probe the TeV scale quantum gravity corrections. Figure 2 illustrates the A F B for each sign of λ with respect to M S . Assuming the 1 % error, including systematic and statistical errors, we expect the reach of bound on M S as 2.9 TeV. Moreover, this observable clearly discriminates the λ = −1 case from the λ = +1 case, as their deviations go to the opposite directions from the SM prediction.
Further Study : γγ collision
Photon-photon collisions have been regarded as one of the best alternatives of e + e − collisions at LC, where high energy photon beams can be achieved through laser back-scattering of the parent e + e − beams. The controllability of the laser and electron beam polarizations provides good opportunities to probe new physics. It is shown that photon colliders are sensitive to the presence of large extra dimensions, yielding higher low bound of the M S than any other collider [13] . The role of polarizations, however, has been studied only about the laser and parent electron beams.
In this section we study the large extra dimension effects on the polarizations of top quark pair production at photon colliders, including the top spin configuration which shall be shown to provide a unique channel. From the total cross sections in various top spin bases, we will observe that there is no particular top spin basis where the pattern of the spin configuration is crucially modified by the large extra dimension effects. Instead a new observable, the 'top spin asymmetry', is to be introduced. There exists a special spin basis where this top spin asymmetry vanishes in the SM but has substantial values with low scale quantum gravity effects.
there are two types of tree level diagrams in the SM, t-channel and u-channel ones. In Eq. (10), λ i and κ i (i = 1, 2) denote the polarizations of photons and top quarks, respectively. The effective theory of low scale quantum gravity allows an s-channel diagram mediated by virtual KK graviton modes, of which the scattering amplitude is
where j = p 1 − p 2 , and ε i = ε(k i ) (i = 1, 2) are the polarization vectors of initial photons. When the top quark is emitted in the z-axis, the polarization vectors of initial photons are given by, in the center of momentum (CM) frame with the Coulomb gauge,
where θ is the scattering angle. There is a relation [20] , usually being used in the squared amplitudes,
whereâ is an arbitrary unit vector perpendicular tok, and i, j = 1, 2, 3. Equation (13) can be applied even in the amplitude level. In the process of Eq. (10), two channels are possible according to the total angular momentum: J z = 0 and J z = 2 states. In the J z = 0 states (γ R γ R or γ L γ L ), two polarization vectors are related by ε 2 (+) = −ε * 1 (+), as can be easily seen from Eq. (12) . Then the ε µ 1 ε ν 2 in Eq. (11) can be replaced by
Note that only the first term in Eq. (13) contributes to the scattering amplitude in Eq. (11) since the last two terms vanish in the case of λ 1 = λ 2 , and the anti-symmetric second term does not contribute to the amplitude symmetric under the exchange of two photons. In the CM frame where
, the scattering amplitude mediated by the KK modes vanishes:
Thus the effects of low scale quantum gravity exist only in the J z = 2 channels. The squared amplitudes for each top spin configuration with the large extra dimension effects are, with
where N c is the number of color, D s,t,u are the effective propagation factors defined by
and F 1,2 are the spin configuration factors as functions of the scattering angle, given by
with the angle ξ introduced in the previous section, which represents the top spin configuration. The SM results are in agreement with those of Ref. [21] . It has been noted that the processes γ R γ L → (t ↑t↑ or t ↓t↓ ) permit a special top spin basis where the SM prediction vanishes. The other amplitudes can be obtained by using the CP invariance such as
where e.g., the suffix RL ↑↑ denotes the process γ R γ L → t ↑t↑ . The squared amplitudes in Eq. (16) imply important characteristic features of the γγ → tt process. First the low scale quantum gravity effects contained in D s exist only in the J z = 2 cases, as discussed before. Second the effects in any top spin basis do not modify the top spin configuration, which is not the case at e + e − colliders.
We briefly review the differential cross sections at practical γγ colliders [22] . From the head-on collisions between the laser and energetic electron (or positron) beams, high energy polarized photons are produced. When x denotes the fraction of the photon beam energy to initial electron beam energy, i.e., x = E γ /E, its maximum value is x max = z/(1 + z) where z = 4Eω 0 /m 2 e . Here E γ , E, ω 0 are the photon, electron and laser beam energies, respectively. It is known that laser beam with too high energy would produce e + e − pair through collisions with the back-scattered photon beam, reducing the γγ luminosity. Thus the z is optimized to be 2(1 + √ 2) which occurs at the threshold for the electron pair production. In the numerical analysis, we consider the following cuts:
With given polarizations of the laser and parent electron beams, the differential cross section is, taking into account of their Compton backscattering,
The function f (x) and ξ 2 (x) are the photon number density and the averaged circular polarization of the back-scattered photon beams, respectively[15, 20, 23]. As f (x) implies, the back-scattered photons possess non-trivial energy spectrum, which renders unavoidable finite mixing of the J z = 2 and J z = 0 states. The s ee is the CM squared energy at e + e − collisions, related with that of γγ collisions, s, by s = x 1 x 2 s ee . Since the γγ luminosity spectrum shows a narrow peak at around x max with an appropriate cut on the longitudinal momentum of the backscattered photons [22] , the approximations such as t = x 1 x 2 t ee and u = x 1 x 2 u ee are to be employed [15, 20, 23] . Top spin information with CP invariance permits only two independent cross sections,
which can be easily seen from Eqs. (19) and (22) . In Fig. 3 , we present σ ↑↑ and σ ↑↓ with respect to cos ξ at √ s ee = 1 TeV with unpolarized and/or polarized initial beams. The polarizations of the laser and electron beams are allowed as 100% and 90%, respectively. The M S is set to be 2.5 TeV. The convex curves denote the (t ↑t↓ ) case, while the concave ones do the There are several interesting characteristics of photon colliders in producing a top quark pair. As can be first seen in Fig. 3 , there is no special cos ξ at which one top spin configuration dominates over the other, as discussed before. The quantum gravity effects manifest themselves as being factored out from the top spin configuration, i.e., independent of cos ξ. And irrespective of the polarizations of the laser and electron beams, the effects are larger in the cases of t ↑t↓ than in those of t ↑t↑ . Equation (16) suggests its reason. For instance, with the unpolarized beams, the ratio |M RL /M RR | 2 hints the magnitude of the quantum gravity effects, since the J z = 2 states possess the effects but the J z = 0 states do not. Hence the top quark pair production channel with the (t ↑t↓ ) is effective to probe the quantum gravity effects. Finally we observe that the results with the polarized electron beams are of great interest and importance: There exist two values of cos ξ, i.e., two special spin bases where the equalities of σ ↑↑ = σ ↑↓ hold true. Considering a new observable, top spin asymmetry A top [10] ,
we suggest an optimal top spin basis defined by ξ 0 which satisfies
The definition guarantees that the observable A top (ξ 0 ) vanishes in the SM while retains non-vanishing values with the low scale quantum gravity effects. The A top (ξ 0 ) as a function of M S is plotted in Fig. 4 . The solid lines indicate the SM predictions at 2σ level, while the dotted and dashed lines include the quantum gravity effects of λ = 1 and λ = −1, respectively. The case of M S = 2.5 TeV at √ s ee = 1 TeV causes about A top (ξ 0 ) of 6%. The A top (ξ 0 ) observables yield lower bounds on the string scale M S , which can be read off from Fig. 4 . In Table I , we summarize other lower bounds of the M S , which can be obtained by using various combination of the polarizations of the laser and electron beams, and by measuring the top spin configuration. We have employed the luminosity L = 200 fb −1 /yr. As discussed before, the top spin state (t ↑t↓ ) can constrain most strictly the M S , though the enhancement of the M S bound is not very significant. This is mainly due to the statistical disadvantage of the top spin measurements. Table I . The photon collider bounds of M S in TeV at 2σ level according to the polarizations of the laser, the parent electron beam, and top spin configurations.
Concluding Remarks
We have studied the spin configuration of the top quark pair at the e + e − → tt and γγ → tt processes with the large extra dimension. In the framework of the off-diagonal basis where the cross sections of the like-spin states of the top quark pair vanish in the SM, the left-handed (right-handed) electron beam almost completely prefer the spin configuration of the top and antitop spins as Up-Down (Down-Up) at the e + e − collision. The presence of large extra dimensions modifies these features significantly at high energies by yielding non-zero cross sections for the like-spin states. In addition, it is shown that the forward-backward asymmetry is very effective to probe the new physics scale M S and to determine the sign of the quantum gravity corrections.
From the polarized scattering amplitudes of γγ → tt process in a general top spin basis, it has been shown that only the J z = 2 states receive the effects which do not affect the top spin configuration. The non-trivial energy spectrum of the Compton back-scattered photons leads to finite mixing of the J z = 0 and J z = 2 states, as well as permitting low scale quantum gravity to play a role in modifying the top spin configuration. This practical mixing of the J z = 0 and J z = 2 states prevents us to define a top spin basis in which one of the final spin configurations is dominant and the other is suppressed at the γγ collision. Instead we have noticed that a special spin basis, especially with the polarized parent electron beams, exist such that σ SM (t ↑t↓ ) = σ SM (t ↑t↑ ) in the SM. Accordingly introduced is the top spin asymmetry A top of which the SM predictions vanish in this optimal top spin basis, which can be one of the most effective tools in this case.
We conclude that the spin configuration of the top pair is effective to explore the large extra dimension effects at the future e + e − Linear Colliders.
